| INTRODUCTION
Over the past years, Asian-origin H5 highly pathogenic avian influenza (HPAI) viruses have been responsible for recurrent outbreaks in wild and domestic birds worldwide and have caused occasional infection in humans, posing a continuous threat to both animal and public health.
HPAI H5N1 virus was first isolated in 1996 in southern China from a goose (A/goose/Guangdong/1/1996 (Gs/GD/96)) (Xu, Subbarao, Cox, & Guo, 1999) , and one year later, it caused the first lethal human infection in Hong Kong (WHO, 2010) . Gs/GD/96 has evolved into multiple phylogenetic clades based on the hemagglutinin (HA) gene (WHO, 2014) . In fact, 10 distinct genetic clades (0-9) and even more subclades with different antigenic properties were described (WHO, 2008 (WHO, , 2009 ). H5N1 viruses were separated into four antigenic groups on the basis of hemagglutination inhibition (HI) assay: group A (clades 1, 2.1, 2.4 and 8), group B (clades 1, 2.1, 4, 5, 7 and 9), group C (clades 2.1, 2.2 and 2.3) and group D (clades 2.3 and 5) (Wu et al., 2008) . Among these, clade 2.3.4 has continuously circulated in poultry and wild waterfowl with different neuraminidase (NA) subtypes including H5N2 (Zhao et al., 2012) , H5N5 (Gu et al., 2011) , H5N6 (Bi et al., 2015) and H5N8 (Fan et al., 2014) .
On late May-early June 2016, testing of wild birds in the UbsuNur Lake, in the border between Mongolia and the Tyva Republic (Russian Federation), was carried out within the active surveillance activities for the detection of avian influenza (AI) viruses. H5 subtype of AI virus was detected in 17 birds including six black-headed gulls (Larus ridibundus), four grey herons (Ardea cinerea), four great cormorants (Phalacrocorax carbo), one common tern (Sterna hirundo), one great crested grebe (Podiceps cristatus) and one duck (unidentified species) (FAO, 2016) . Sequence analysis of the isolates evidenced that they belonged to the Asian HPAI H5 lineage Gs/GD/96, clade 2.3.4.4 (OIE, 2016) , and was later identified as H5N8. Even though some dead birds were found, mortality was not comparable to that caused in 2006 by the H5N1 in the same location when about 4,000 waterbirds died (Food and Agriculture Organization of the United Nations HPAI H5 lineage Gs/GD/96 had been repeatedly detected in wild migratory birds at the Ubsu-Nur Lake (Food and Agriculture Organization of the United Nations (FAO), 2016). Major wild aquatic bird migration routes overlap in Siberia, and therefore, those novel AI viruses can later spread to the wintering grounds of Europe and Africa during the fall migration (September to December). Overlapping migration routes include the East Atlantic and the Mediterranean/ Black Sea flyways connecting with Europe and Africa, and the East Asia/East Africa flyway connecting mainly with Africa (Birdlife international, 2017). Thanks to the early detection of H5N8 and a rapid report by the Russian Federation, the Food and Agriculture Organization of the United Nations (FAO) was able to raise the alarm in relation to the risk of spread of the virus to the south and west of the area where the virus had been detected (Food and Agriculture Organization of the United Nations (FAO), 2016). FAO's concern was based on the previous experience of a repeated pattern whereby detection of HPAI H5 of Gs/GD/96-lineage in wild birds in the southern Rus- 
| MATERIALS AND METHODS
Outbreak data were obtained from the FAO-Global Animal Disease Information System (EMPRES-i) (FAO, 2017) . We have used the term outbreak for both domestic and wild birds, as defined by the OIE (World Organization for Animal Health), that is as the occurrence of one or more cases in an epidemiological unit. An epidemiological unit means a group of animals that share a similar risk of exposure to a pathogenic agent with a defined location (i.e., a holding for domestic birds and a relatively small area where animals share approximately the same risk of exposure to the pathogen, for wild birds).
The density of ducks and chickens was obtained from the FAOGridded Livestock of the World modelled data for ducks or chickens (Robinson et al., 2014) . Temperature anomaly maps were obtained from the National Oceanic and Atmospheric Administration (NOAA).
The world temperature anomaly map for a given month is obtained by combining land and sea surface temperatures of that month and comparing it to the average values for that month for the period 1981 (NOAA, 2017 . R software was used for both analyses and generation of maps (R Core Team, 2014 
| H5N8 outbreaks in domestic birds
Of the 1,112 outbreaks in poultry, 420 were reported in France and 239 in Hungary, the two most severely affected countries. In France, outbreaks of H5N8 HPAI in poultry were clearly clustered in the southeastern region of the country (Figure 1 ). In fact, 415 of the 420 outbreaks occurred in that area (Nouvelle-Aquitaine and Midi-Pyr en ees regions). Domestic ducks accounted for more than 90% of the outbreaks, while chickens represented only 9%. The situation forced the French authorities to implement very strict measures to try to control the disease, including preventive culling of all poultry within a radius of 1 km around the outbreaks, as well as outdoor birds of the Anatidae family between 1 and 3 km around an outbreak, and up to 10 km if there was more than one outbreak within the protection zone (EU, 2017a) . That resulted in the slaughtering of 5.4 million Anatidae and 1.3 million chickens. Among the 533 holdings preventively depopulated, 139 were actually found to be infected (European Union (EU), 2017a).
Other measures included the testing of animals prior to movements within the protection and surveillance zone, which also contributed to the detection of infected premises. In fact, 17% of outbreaks were discovered thanks to pre-movement testing (EU, 2017b) .
In Hungary, domestic outbreaks of H5N8 HPAI were clustered in the region of the Southern Great Plain (from south-central to southwestern Hungary), where 226 of the 239 of the outbreaks occurred (Food and Agriculture Organization of the United Nations (FAO), 2017). Domestic duck was also the species with most holdings affected (61% of the total), but there were also geese holdings infected (33% of the total) (Food and Agriculture Organization of the United Nations (FAO), 2017). As a consequence of the epidemic, more than 2 million ducks, 200,000 geese and half million chickens had to be slaughtered (EU, 2017c) .
While other European countries such as Bulgaria or Spain also evidenced a clustered distribution of domestic H5N8 HPAI outbreaks, in Northern European countries (i.e., the Netherlands, Germany, Poland, the Czech Republic or Slovakia), the distribution of outbreaks was much more homogeneous throughout the territory.
In chickens, mortality rate differed among holdings, but often mortalities over 30% were observed (EFSA, 2017b) . Clinical signs were variable and included from non-specific signs such as depression or diarrhoea to nervous signs such as head shaking or ataxia.
Lesions included haemorrhagic pneumonia and catarrhal or haemorrhagic enteritis (European Food Safety Authority (EFSA), 2017b). In contrast, domestic ducks infected with H5N8 frequently showed neither morbidity nor mortality (European Food Safety Authority (EFSA), 2017b).
Furthermore, domestic bird H5N8 infections in Europe did not seem to be linked to a specific size of holding. In fact, of the domestic herds affected in Europe, 37% had less than 100 birds, 8% between 100 and 500, 4% between 500 and 1,000, 28% between 1,000 and 1,000, and 23% more than 10,000 ( Table 2 ). The pattern seemed to differ among countries. While in some countries such as the Czech Republic or Romania, the epidemic mainly affected small holdings, in others such as Germany, Hungary or Poland, it mainly affected large-size holdings, and in France, the large majority were either large or small (Table 2) .
In relation to the species affected, available data indicate that 69% of the domestic outbreaks in European countries were in T A B L E 1 Outbreaks of H5N8 detected in both domestic and wild birds in Europe between June, 2016 and August 2017, as well as the month and year of onset of outbreaks in domestic and wild, and whether this first onset occurred in domestic or wild birds (the term same is used when domestic and wild outbreaks occurred within the same week) 
| Evaluation of the association between poultry density and domestic outbreaks of H5N8
To evaluate whether domestic H5N8 outbreaks in Europe were associated with the density of ducks or chickens, we obtained the density of ducks and chickens for each of the locations where domestic outbreaks occurred using the FAO-Gridded Livestock of the World modelled data for ducks or chickens (Robinson et al., 2014 
| Sources of infection in domestic holdings
To evaluate whether the origin of infections of domestic holdings may have been linked to contact with wild birds, we calculated, for each domestic outbreak, the distance to the closest outbreak in wild birds.
The results evidence that 25% of the domestic outbreaks had a wild bird outbreak within a distance of 12.1 km, 50% within a distance of 21.3 km and 80% within a distance of 33.0 km. However, there are also evidences that other sources of infection were also relevant. In Spain, of the 10 domestic holdings affected, in two, direct or indirect contact with wild birds was considered the most likely source of infection, while in the other eight, infection was attributed to having received animals from the two primary outbreaks (Department of Agriculture of Catalonia, personal communication) . In Belgium, of the 13 outbreaks in domestic holdings, seven were attributed to indirect transmission in markets, two to purchase of infected animals and only three to contact with wild birds (EU, 2017d).
| H5N8 outbreaks in wild birds
Of the 955 outbreaks in wild birds, Germany was the country most severely affected with 194, followed by Romania with 90, and Switzerland with 87. There were many species of wild birds involved, in particular swans, including the mute swan (Cygnus olor), the species most commonly affected with 270 outbreaks, but also and swans of unidentified species were also commonly affected. In 2006, around 70% of all H5N1 outbreaks in wild birds in Europe were swans, almost 90% of which were mute swans (Hesterberg et al., 2009) . Experimental infections carried out with HPAI (H5N1 of Asian lineage) in mute swans evidenced they were both highly susceptible to infection, and efficient spreaders of the virus given the duration and concentration of viral shedding (Brown, Stallknecht, & Swayne, 2008) . Besides, frequent detection in swans may also be related to their higher size as compared to other species, whose carcasses may be rapidly removed by predators and scavengers and to the fact that they are frequently found near inhabited areas, which might further facilitate detection (Hesterberg et al., 2009 ).
Another wild bird species frequently involved in the 2016-2017 H5N8 epidemic was the tufted duck (Aythya fuligula), with the particularity that 81% of the outbreaks in this species occurred in the second half of November (i.e., early in the epidemic) and affected six different countries (Austria, Denmark, Finland, Germany, the Netherlands and Switzerland). That, and the fact that 600,000-800,000 pairs breed in Russia and that they 
